Abstract -A novel RF sensing circuit for a cognitive radio to sense spectral environment is proposed based on injection locking and frequency demodulation techniques. In the experiments, a prototype circuit is designed in the 2.4 GHz ISM band to cover a sensing frequency range from 2.4 to 2.484 GHz. The spectrum scanning over the 84-MHz bandwidth is accomplished in less than 1 ms. The experimental results show that the RF sensing circuit can sense the frequency and the power of frequency-modulated signals as well as digitally modulated signals with a constant envelope.
I. INTRODUCTION
The efficiency of spectral utilization has been brought to light by the Federal Communications Commission (FCC) in the past few years. The FCC reported that the maximum utilization of allocated spectrum was ranging from 15 to 85 % [1] , and the average utilization of the licensed television broadcast spectrum was only 14 % [2] . On the basis of these observations, the FCC recently proposed the legal operation of unlicensed devices that can coexist with primary users in white spaces to significantly increase the spectral efficiency. A cognitive radio technology is one of the solutions that can accomplish the coexistence mechanism. The cognitive radio is an extension of software defined radio (SDR) and has a wideband capability of spectrum sensing, spectrum sharing, and frequency agility. To achieve these goals, a cognitive radio generally requires a stringent frequency synthesizer with short enough settling time for fast frequency switching speed [3] . Recently, Ackland et al. proposed a tri-band cognitive radio front-end using a spectrum monitoring receiver, which down-converts the RF signal to the intermediate frequency (IF) and applies the power detection technique to sense the spectral environment [4] . This kind of receiver needs to be based on a high-speed frequency synthesizer, which increases the system complexity and hence the power consumption and the cost. This paper presents a simpler RF sensing circuit architecture without using the frequency synthesizer. The proposed techniques mainly use injection locking and frequency demodulation of a voltage-controlled oscillator (VCO) to achieve a high sensing speed and a stable sensing operation.
II. INJECTION LOCKING AND PULLING OF A VCO
The synchronization of an oscillator under injection of an external sinusoidal signal has been studied by Adler [5] and many other authors [6] , [7] . Adler derived a phase differential equation that accounts for many of the experimentally observed synchronization phenomena for an oscillator under sinusoidal injection. He used a vector diagram to describe the relation between an oscillator signal and an injection signal. As shown in Fig. 1 
where d dt Adler's equation describes the phase dynamic of an oscillator from the phase and amplitude relation between an oscillator and an injection signal. Adler's equation is given as [5] sin 2
where Q is the tank quality factor and osc Z ' is an undisturbed beat frequency given by 
Injection pulling behavior of a VCO. III. SYSTEM ARCHITECTURE AND DISCRETE-TIME MODEL
The block diagram of the proposed RF sensing circuit is shown in Fig. 3 . The sensing circuit includes an antenna, a low-noise amplifier (LNA), a VCO with an additional injection input port, a frequency demodulator, a bandpass filter (BPF), and a digital processor with an analog-to-digital converter (ADC) and a digital-to-analog converter (DAC). The circuit operation is briefly described as follows. 
where v K is the tuning sensitivity and c Z is the center frequency of the VCO. As the oscillation frequency is timevarying, the average beat note is time-varying too, and can be derived from (4) and (5) 
It is clear from (7) (6) into (1), we can express the instantaneous VCO output frequency as T t . The bottom sketch of Fig. 4 shows the results when the VCO signal is frequency-demodulated and subsequently bandpass filtered. The aim of this signal processing is to produce a narrow band signal containing sufficient information for determining the frequency and power of the sensed signal. This can be further accomplished by detecting the quiet zone in the demodulated output waveform as shown in the bottom sketch of Fig. 4 with the use of a low sampling rate ADC and a low data rate digital processor.
To predict the results of proposed RF sensing technique, a discrete-time dynamic model was established based on Adler's equation. The VCO output signal can be represented as
where E is the output amplitude, Z is the instantaneous frequency, and 0
T is the initial phase of the VCO. With (1) and (6), (9) can be rewritten in the discrete-time form as
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Note that i t is the discrete time and t ' is the simulation time step. The spectrum sensing results can be simulated using (10).
IV. SIMULATED AND EXPERIMENTAL RESULTS
This section shows the simulated and experimental results of the presented RF sensing circuit. The VCO is designed with an injection input port and has an output power of 1.44 dBm at 2.46 GHz. The tuning range of the VCO covers from 2.4 to 2.484 GHz with a tuning voltage t V ranging from 0 to 2.8 V. The tuning sensitivity v K is 30 MHz/V. Fig. 5 shows the simulated and measured characteristics of VCO injection locking at a free-running oscillation frequency of 2.46 GHz. Simulated results agree very well with the measured ones under an estimated tank Q factor of 32.8. The VCO in the presented RF sensing circuit can detect a minimum power of -67 dBm using the injection locking technique. In the spectrum sensing experiment, t V t was linearly sweeping from 0 to 2.8 V in 0.8 ms to tune the VCO frequency from 2.4 to 2.484 GHz, leading to a sweeping rate equal to 105 MHz/ms. To verify the proposed discrete-time dynamic model for the sensing behavior of the VCO, the experiment bypassed the LNA to directly inject signals into the VCO in the RF sensing circuit. The experiment was set for the VCO to sense a sinusoidal signal at 2.43 GHz with a power of -31.44 dBm, which is 30 dB below the VCO output power. Fig. 6(a) and 6(b) shows the simulated and measured results, respectively, of the demodulated output waveform. These two results are in good agreement, both showing a quite-zone duration of about 22 ȝs.
Finally, a more interesting experiment was set for the RF sensing circuit to sense a combination of three independent modulation signals. The spectrum of the combined signal is shown in Fig. 7 . The first one is an FM signal at 2.427 GHz with -46.2 dBm power and 320 kHz modulation bandwidth, the second one is a GMSK signal at 2.444 GHz with -41.8 dBm power and 271 kbps data rate, and the third one is a GFSK signal at 2.467 GHz with -36.6 dBm power and 1 Mbps data rate. Fig. 8 shows the demodulated results of the RF sensing circuit. It can be seen that the presented circuit is also capable of simultaneously sensing multiple signals by detecting the individual quiet-zone durations. This capability makes the proposed RF sensing circuit more attractive in practical cognitive radio applications.
V. CONCLUSION
This paper has presented a prototype of RF sensing circuit that is capable of sensing sinusoidal signals and constant envelope modulation signals. The experiment shows that the circuit can sense a signal power as low as -67 dBm at the VCO injection input port. The sensitivity can be much improved by using an LNA to amplify the received signals. The proposed RF sensing circuit has a spectrum scanning speed more than 100 MHz/ms, showing a more attractive performance versus complexity benefit than the usual approaches using a frequency synthesizer. Fig. 8 . Demodulated output waveform of the RF sensing circuit in the sensing of the spectrum shown in Fig. 7 .
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